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BATH CURVE

• MTTF > 106 hours at 200oC
> 107 hours at lower temperatures [1]

• Understand fundamental mechanism causing electrical device 
degradation

• Reduce early failures and increase device life time

Motivation

1. S. Singhal, T. Li, A. Chaudhari, K. J. Linthicum, et. al., "Reliability of large periphery GaN-on-Si HFETs," Proc. 
Reliab. Compound Semicond. Workshop (ROCS), pp. 135-149, 2005.
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VG = -5 to 0 VVS = 0 V VD = 0 to 30 V

GateSource Drain

AlGaN

GaN

SiNx

Large vertical field 2DEG

Surface States 
and Bulk Traps

IDS

VDS

VGS

• Large vertical field induces additive stress, drives charge
transport, and is one factor affecting degradation.

• Investigate mechanical stress effect on gate leakage, at
varying gate biases, at VDS= 0V state (isolate effect of
vertical field).

Stress on GaN HEMT IG Degradation

High Power State

Off State

VDS = 0 V 
State

On State
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E = Young’s modulus 
t = sample thickness
y = vertical displacement
a, L = rod spacing

[Strength of Materials, edited by S. Timoshenko Krieger, Melbourne, FL,1976]
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Stress Dependence of JG Procedure
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IG vs Stress (Schottky Diode)
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• Longitudinal tensile stress is incrementally applied up to 320 MPa and then 
released
• As tension is increased, IG increases
• IG measured is more noisy at lower bias   

AFRL  sample on SiC substrate
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Photoionization Spectroscopy

Ec

Ev

Occupied e- trap < Eph

Ec

Ev

Neutral hole trap < Eph

Current increase: Current decrease:

Eph

Eph

• Can characterize both electron and hole trap density [2]
 Assumes near-steady state saturation of drain current for each 

photon energy

Dit : areal interface trap density
I  :  Drain current
N2DEG=Sheet charge density

2. P. B. Klein and S. C. Binary, “ Photoionization spectroscopy of deep defects responsible for current collapse in nitride-based field 
effect transistors”, J. Physics: Condensed Matter, 15, 1641-67, 2003
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Photoionization Spectroscopy Set up

• Higher-order filter is used to cut-off higher order illumination from Red-
to-near-IR spectrum

• Light is routed with mirrors and lenses to reduce transmission losses

MS257 Spectrometer
(360nm to 2500nm)

Tracq32 on PC

300W Arc Lamp

DUT

Keithley 4200

Optical Lens
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Repeatability of Trap Characterization using PS

• 2 consecutive PS measurement repeated on virgin device
 Device kept in dark for 30 minutes after the 1st PS experiment
 Error in percent change in linear ID is around 0.5%
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• HEMTs on Si substrate exhibit larger sensitivity to 
near bandgap photons compared to HEMTs on 
SiC substrate

• Near bandgap defects ascribed to GaN structural 
defects [3, 4]
[3] R. Liu et al., Appl. Phys. Lett. 86, 021908, 2005.
[4] M. Haugk et. al., Phys. Stat. Sol. (b) 217, 473, 2000.

Trap Characteristics of HEMT on Si vs SiC
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Failure Mechanisms in GaN HEMTs

a b

b

Hot e-Injection and Trapping [5]

Strain due to Inverse Piezoelectric Effect & Lattice 
Mismatch [6]

Metal Diffusion & Chemical 
Reaction [7]

5. Meneghesso G,et al., IEEE Proc Int Rel Phys Symp,415–22, 2005
6. J Joh et. al., IEEE IEDM,385-388,2007

7. L. Liu, et al., J. Vac. Sci. Technol. B 29, 
032204, 2011
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• VG step size is -5V, each step applied for 8min

• Uniaxial tensile stress applied in steps of 15 MPa upto150 MPa

• Measure IG during the application of stress

IG Degradation under Electrical-Mechanical Stress

0 5 10 15 20 25 30 35 40
0.0

5.0x10-6

1.0x10-5

1.5x10-5

2.0x10-5

2.5x10-5

3.0x10-5

I G
 (A

)

Time (min)

0

10

20

30

40

 V
G

 (V
)

0

100

200

300

400

500

 S
tr

es
s 

(M
Pa

)

E-Stress
Mechanical Stress
IG

Breakdown 
point:
VG= ‐25V
σ = 60 MPa

20



A 21st Century Approach to Reliability

Time Dependent Electrical Step Stress 
• Length ‘t’ of each E-stress step is varied:

t=10sec, 100sec, 500sec, 1000sec

• Trapping transients are observed at each stress 
step prior to breakdown

• One large sudden increase in IG is observed, 
followed by multiple small jumps in IG0 200 400 600 800 1000
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Strain Relaxation in Heterostructures

22
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Strain Relaxation Process

23
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Strain Relaxation in GaN HEMT

Large E field

Tensile Strain

DiffusionTrap Generation 
& Charging

S DG

S DG

S DGS DG

Rate 
Dependent 

Hot e-

transport
S DG
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• IG degradation at Vcrit is time-dependent

• Vcrit for device degradation is dependent on time step of 
electrical step stress

Time Dependent IG Degradation in GaN HEMT
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VGS=-40V
VGS=-35V
VGS=-30V
VGS=-25V

1 10 100 1000 10000
0.0

5.0x10-5

1.0x10-4

I G
 (A
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Time (s)

Time Dependent IG Degradation Under CVS

[8]

8. D. Marcon et. al. IEDM 2010

• Degradation in IG is observed at voltages below Vcrit

• Time Dependent mechanism is contributing towards device degradation 
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Factors Influencing Time-Dependent Mechanisms
• Trap Generation [9]

 In-built edge/threading dislocation density 
 Formation energy of traps 
 Thermal energy
 Electrical energy
 Mechanical energy

• Diffusion at Interface [10]
 Concentration of diffusing material
 Traps/defects
 Diffusion coefficient dependent on 
 Thermal energy
 Electrical energy
 Mechanical energy

9.  Brian W. Dodson and J. Y. Tsao, APL, 51, 26, 1987.
10. E. B. Cowern , P. C. Zalm , P. van der Sluis , D. J. Gravesteijn , and W. B. de Boer, Phys. Rev. Lett., 72, 1994
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Photoionization Spectroscopy of Electrically 
Stressed GaN HEMT

• Structural (near bandgap) defect density increases 
significantly with extended electrical stressing
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Strain Relaxation By Trap Generation

• GaN HEMT have high density of dislocations – screw, edge, 
threading [11]

• Strain relaxation in III-V material system can occur through 
[12,13]  

 Condensation of point defects  
 Dislocation growth from seed 
 Dislocation half loop glide
 Edge dislocation tilt

• Increase in size of structural damages (cracks/pits) is 
observed in GaN HEMT upon electrical stressing [14]

11. M. Haugk et. al. ,phys. stat. sol. (b) 217, 423, 2000
12. M.E. Twigg et. al.,JAP, 101, 053509 , 2007
13. Lisa Sugiura, APL, 70, 1317,1997
14. P. Makaram, et. al., APL, 96, 233509, 2010
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ρm (cm-3) - Edge/misfit dislocation density
σeff (dyne.cm-2) - Effective stress in epitaxial layer

(E-field, externally applied mechanical stress, thermal mismatch)

v (cm.s-1) - Dislocation glide velocity
(Thermally activated)

effm
m v

dt
d         

     ,      md t db b Magnitude of Burgers vector
dt dt
 

 

Kinetics Of Dislocation Multiplication
• Rate of strain relaxation,       ,is related to rate of dislocation generation,      [15]. 

dt
td

dt
d m

• Rate of dislocation multiplication is dependent on dislocation motion as [16]

 kTeff
E Av  exp

15. Brian W. Dodson and J. Y. Tsao, APL, 51, 26,, vol. 22, Academic, 
New York 1968

17. Lisa Sugiura, App. Phy. Lett., 70, 1317,19971987.
16. H. Alexander and P. Haasen, Solid State Physics

• Activation energy of dislocation motion (EA) is dependent on lattice energy [17]
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Strain Relaxation By Diffusion
• Diffusion in a strained layer is given by [18]-

)
kT
Q-

exp( D+)
kT
Q-

exp( D=D̂
'
(v)

(v)

'
(i)

(i)


(i) – Interstitials, (v) – vacancies
k – Boltzmann constant
T – Temperature (K)
D – Diffusion coefficient under no strain (cm2 s-1)
-Q’ -- Activation energy per unit strain (eV)
(Thermally activated, active traps dependent)
ε -- Strain in epitaxial Layer
(E-field, externally applied mechanical stress, 

thermal mismatch)

18. N. E. B. Cowern , et.al., Phys. Rev. Lett., 72, 1994
19. Feng Gao et. al., Appl. Phys. Lett. 99, 223506, 2011
20. L. Liu, et al., J. Vac. Sci. Technol. B 29, 032204, 2011

• GaN HEMT device degradation due to diffusion in the AlGaN layer has been 
reported 

 Oxygen diffusion [19]                      

 Gate metal (Ni) diffusion [20]
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Stress, Temperature, Field, Carrier Study
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• Monitor IG degradation at VDS=0V
• Vary measurement conditions:

Mechanical stress 
Temperature
Electrical bias (reverse VG)
Oxygen content (in Vacuum / Air)

Lakeshore vacuum 
probe station  (77K to 
400K)

Custom  4-point uniaxial
wafer bending setup
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Design of RFMD/AFRL Test Structures

• AlGaN HEMT Structures
• AlGaN/GaN HEMT Kelvin Structures
• Circular Gate Schottky Diodes
• Square Gate Schottky Diodes
• Sub-reticle Layout
• Reticle Layout
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AlGaN/GaN Proposed Structures

Gate 
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AlGaN/GaN Schottky Diodes
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(SiNX)
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Contact

Ohmic
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Circular Gate Square Gate
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LG = <1μm
WG=50 μm
Off-centered
G-D=3-7 μm

LG = <1μm
WG=50 μm
centered

LG = 1μm
WG=50 μm
centered

LG = 1μm
WG=150 μm
centered

LG = 1μm
WG=150 μm
centered

FATFET
LG = 50μm
WG=150 μm

LG = <1μm
WG=50 μm
centered

LG = <1μm
WG=50 μm
Off-centered
G-D=20 μm

Gateless

CV Dot

ISO and van der Pauw

TLM structures

Proposed Sub-reticle Layout
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Proposed Reticle Layout

Sub-reticle A
Sub-μ LG=170nm
CV dot  d=250μm

Sub-reticle B
Sub-μ LG=140nm
CV dot  d=200μm

Sub-reticle C
Sub-μ LG=125nm
CV dot  d=150μm

Sub-reticle D
Sub-μ LG=100nm
CV dot  d=100μm

Square 
Gate 
CV Dot
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• Wafer strips for direct bending of 100um thick SiC substrate 
samples in 4-point bending apparatus

- 0.5” x 0.15” (12.7mm X 3.8mm)

Wafer Sample Size for Mechanical Bending

High carbon 
steel strip Gold wire

Epoxy

Probe tip

Conductive epoxy
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Outline

• Motivation

• Gate Leakage Stress Dependence in AlGaN/GaN Schottky
Diode 

• Photoionization Spectroscopy – Trap Characterization 

• Understanding Degradation Mechanisms in GaN HEMT 

• Design of AlGaN/GaN HEMT Test Structures and Layout

• Summary and Future Work
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Summary and Future Work
• Determined stress dependence of gate leakage current in a AlGaN/GaN
Schottky diode structure and compared it with AlGaN/GaN HEMTs results

• Applied optical trap characterization technique using photoionization 
spectroscopy in AlGan/GaN HEMT

• Analyzed time dependence of early stage IG degradation at VDS=0V in 
AlGaN/GaN HEMTs

• Designed test structures for RFMD/AFRL AlGaN/GaN HEMT mask design

FUTURE WORK
• Investigate dependence of AlGaN/GaN HEMT degradation on mechanical 
stress, temperature, field, and carrier fluence

• Develop stress, temperature, field, and fluence dependent models for 
AlGaN/GaN HEMT degradation for integration into FLOORS
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QUESTIONS?
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